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Glycosylation plays a signiﬁcant role in determining the receptivity of the uterine endometrium to
embryo. Fucosyltransferase IV (FUT4) is expressed stage-speciﬁcally in the uterine endometrium of
mammalians, and considered as a marker of the endometrial receptivity. Baicalin, a monomer of ﬂa-
vonoids, is known to have functions in improving reproduction. However, the mechanism by which
baicalin regulates the expression of FUT4 in embryo-endometrium adhesion remains unclear. Our
results showed that baicalin signiﬁcantly increased FUT4 mRNA and protein expression levels both
in human endometrial cells and mouse endometrial tissue, and consistently elevated embryo adhe-
sion rate during implantation in vitro and embryonic implantation competence in pregnant mouse.
This study suggests that baicalin facilitates endometrial reproduction via elevating FUT4 expression
through Wnt/b-catenin signaling pathway.
 2015 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Embryo implantation is crucial for a successful pregnancy. In
this process, the mature blastocyst locates, adheres and embeds
into the receptive uterine endometrium [1–3]. Embryo implanta-
tion occurs during a limited period named implantation window
[4,5]. In this critical stage, numerous factors can regulate themolecular alterations in the endometrial cells, including hormones,
growth factors, cytokines, et al. [6,7]. For example, progesterone
plays an important role in the development of endometrial recep-
tivity through the regulation of the uterus epithelial compartments
[8]. Apart from the pathological alterations of the endometrial cav-
ity, hydrosalpinx and embryonic abnormalities, female infertility
mainly derived from the endometrial malfunction showing
recently a high incidence [9–11]. Thus, exploring drugs which
might improve endometrial condition could be a signiﬁcant
approach for the enhancement of embryo implantation rate.
The Chinese herbal medicine Scutellaria baicalensis (Huang-Qin
in China) has multitudinous functions. The ﬂavonoids extracted
from S. baicalensis are exceptionally effective for anti-allergy,
anti-inﬂammation and anti-tumor effects [12,13]. It has been used
as an adjunctive reproduction agent for the improvement and reg-
ulation of menstrual cycle, infertility and abortion, as well as for
the treatment of restless fetus in pregnant women [14–16].
However, the mechanism of S. baicalensis in the ﬁeld of reproduc-
tion is largely unknown. In the female reproduction processes,
Wnt, PI3K, MAPK signaling pathways have been found to be corre-
lated with the functional states of uterine endometrium [17,18].
For instance, Wnt/b-catenin signaling pathway is involved in
embryonic implantation and endometrial proliferation,
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baicalensis in the development of endometrial receptivity during
implantation is mediated by Wnt/b-catenin signaling pathway,
needs to be explored.
Glycosylation is a critical post-translational modiﬁcation of the
proteins, which participates in many physiological and pathologi-
cal events, such as development, reproduction, cancer and immune
diseases, et al. [21–23]. Fucosylation, an important type of glycosy-
lation, is regulated by speciﬁc fucosyltransferases (FUTs) which
catalyze the transfer of fucose (Fuc) residues from the donor sub-
strate, GDP-Fuc, to the oligosaccharide acceptors in a 1–2, a 1–3/
4 and a 1–6 linkage [24,25]. FUTs promote the synthesis of differ-
ent fucosylated oligosaccharide chains of glycoconjugates that ulti-
mately affect the adhesion and migration of the cells [26,27].
Evidences have shown that FUTs are stage-speciﬁcally expressed
in mammalian reproduction processes [28,29]. In mice, the expres-
sion of FUT1, FUT4, FUT7 and FUT9 in the uterine endometrial cells
reaches the peak on the day of implantation, and facilitates the
establishment and maintenance of uterine receptivity [30,31].
FUT4, a member of a l-3 FUTs, is the key enzyme for the synthesis
of Lewis Y (LeY) oligosaccharide antigen, and is signiﬁcantly
upregulated during the early and mid-secretory phase of human
endometrium in menstrual cycle [32]. We have found that FUT4
could regulate embryo adhesion by regulating the synthesis of
LeY on endometrial epithelial surface. Also, FUT4 over expression
promoted the recognition and adhesion between uterine endome-
trial cells and embryonic cells [33]. The above data suggest that
FUT4 expression level is closely related to the endometrial recep-
tivity, and can be used as a vital marker for endometrial function
evaluation.
To elucidate the reproductive functions of S. baicalensis, we
explored the regulatory effects of baicalin which is a monomer of
ﬂavonoids, and S. baicalensis decoction (SBD) on FUT4 expression
in human endometrial RL95-2 cells, as well as in murine endome-
trium during implantation window. We found that both baicalin
and SBD could signiﬁcantly upregulate the gene and protein
expression of FUT4, and promote embryo implantation in vitro
and in pregnant mouse.2. Materials and methods
2.1. Cell culture
We purchased human endometrial RL95-2 and human embry-
onic JAR cells from the American Type Culture Collection (ATCC;
Manassas, VA). RL95-2 cells were grown in Dulbecco’s modiﬁed
Eagle’s medium/Ham’s nutrient mixture F12 medium (DMEM/
F12; Hyclone, USA) supplemented with 10% fetal bovine serum
(FBS; Gibco, USA), 5 lg/ml insulin (Sigma, USA), 100 U/ml peni-
cillin and 100 lg/ml streptomycin (Beyotime, China). JAR cells
were cultured in DMEM/F12 supplemented with 10% FBS, 100 U/
ml penicillin and 100 lg/ml streptomycin. Both types of cells were
maintained at 37 C under 5% CO2 in cell incubator. The growth
medium was changed every 2–3 days.2.2. Drug treatments
Baicalin (Keluoma, China) was dissolved in dimethylsulfoxide
(DMSO; Sigma, USA) to a concentration of 6 mg/ml and stored at
20 C. During the treatment, concentrations of 3 lg/ml and
6 lg/ml were used. Dickkopf 1 (DKK1; Peprotech, USA), an inhibi-
tor of the Wnt signaling pathway, was dissolved in autoclaved dis-
tilled water to a ﬁnal concentration of 0.05 mg/ml, and utilized at a
dose of 100 ng/ml for 48 h. Cells were treated with DKK1 1 h before
baicalin treatment.2.3. Extraction of S. baicalensis decoction (SBD)
The herb S. baicalensis (Qiyunsheng, China) was authenticated
by Professor Ming Gao from the department of traditional
Chinese medicine in Dalian University. According to the extraction
and preparation standard for Chinese traditional herb pharmaco-
poeia, the herb (10 g) was minced and ﬁltered through No. 4 drug
sieve (250 lm ± 9.9 lm). The big residue part was dried in the oven
at 50–60 C and minced again for sieving. This step was repeated,
until the entire herb passed through the drug sieve. The herb pow-
der was soaked in distilled water (100 ml) for 30 min, and then
boiled with little bubbling at 100 C for 1 h. After ﬁltration of the
supernatant by three-layer gauze, the herb residue was boiled
again for 40 min in 100 ml of distilled water. After ﬁnal ﬁltration,
the two parts of the supernatant were combined and simmered
to the volume of 10 ml (1 g/ml).
2.4. Animal treatments and tissue collection
Mice of Kunming species (6–8 weeks) were from the Animal
Center Laboratory of Dalian Medical University, China. All experi-
mental procedures involved in the mouse studies were approved
by the Institutional Review Board in Dalian Medical University.
Mice were maintained under controlled environmental conditions
(14L:10D, 22–25 C, humidity 60%). Before mating, females were
injected with pregnant mare serum gonadotropin (PMSG) and
human chorionic gonadotropin (hCG; Chifengboen, China) to
increase the number of ovulation. Pregnancy was obtained by
housing two virgin females with one male. Gestation day 1 (GD
1) was deﬁned as the day of ﬁnding a vaginal plug. Females were
randomly divided into four groups: control, normal saline (NS),
baicalin and S. baicalensis decoction (SBD); and each group had
12 mice. Mice in baicalin group were gavaged with baicalin, which
was dissolved to a concentration of 7.53 mg/ml with sterile phos-
phate-buffered saline (PBS) containing 7.5% DMSO, at a dose of
100 mg/kg (0.4 ml per mice). Mice in SBD group were gavaged with
0.3 ml herbal decoction. Animals in NS group were given 0.4 ml
PBS containing 7.5% DMSO. Mice were gavaged 7 days before GD
1, and until the day before specimen collection.
At GD 4 (8:30 AM), half of the pregnant mice in each group
(n = 5) were sacriﬁced by cervical dislocation. One side of the uter-
ine horns were ﬁxed in 4% (v/v) paraformaldehyde, and processed
for immunohistochemical analysis. The other sides were carefully
cleaned fat, and removed the fetuses by washing with PBS. Then,
the endometrial tissues were scraped off slightly on a pre-cooled
ground glass with surgical blade at 4 C, and kept in liquid nitrogen
for RT-PCR and Western blot. At GD 8, the left half of mice was
sacriﬁced and the number of implanted embryos was calculated.
2.5. Transient transfection
When RL95-2 cells reached 70% conﬂuence in 6-well plates, sh-
SP5 (Gene Pharma, China), SP1 cDNA (Trans Gen, China), the co-
transfection, si-FUT4 (constructed by Xuesong Yang in our lab)
and si-b-catenin (Gene Pharma, China) were transiently trans-
fected into the cells using Lipofectamine 2000™ reagent (Life
Technologies, USA) following the manufacturer’s instructions. Sh-
control, vector and mock were used as controls for sh-SP5, si-b-
catenin and SP1 cDNA transfected cells, respectively. Cells were
harvested 48 h or 72 h post-transfection.
2.6. RT-PCR
Total RNA was extracted from mouse endometrial tissues and
RL95-2 cells using Trizol reagent (Life Technologies, USA) accord-
ing to the manufacturer’s instructions. The cDNA was synthesized
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ward (F) and reverse (R) primer sequences used for the RT-PCR
are shown below:Primer Size (bp) Primer sequences (50-30)Human FUT4 456 F:50-cggacgtctttgtgccttat-30
R:50-cgaggaaaagcaggtacgag-30Human b-actin 838 F:50-atctggcaccacaccttctacaatgagctgcg-30
R:50-cgtcatactcctgcttgctgatccacatctgc-30Mice FUT4 511 F:50-ttgcagcctgcgcttcaacatcag-30
R:50-actcagctggtggtagtaacggac-30Mice SP5 295 F:50-accgggacactttcgaggccactcc-30
R:50-cagcagcgactcccacaagcaaggc-30Mice b-actin 792 F:50-gatatcgctgcgctggtcgtcgac-30
R:50-caagaaggaaggctggaaaagagc-30The PCR reactions were carried out as follows: initial denaturation
at 94 C for 5 min, 30 cycles of 94 C for 30 s, 55 C (mice FUT4) or
57 C (human FUT4, mice SP5) for 45 s, 72 C for 45 s, and a ﬁnal
extension at 72 C for 10 min. The ampliﬁed products were ana-
lyzed by 1% agarose gel electrophoresis stained with ethidium bro-
mide and the bands were visualized under U.V transilluminator.
2.7. Western blot
Total and nuclear proteins were extracted frommouse endome-
trial tissues and RL95-2 cells using KeyGEN mammalian cell lysis
reagent and nuclear and cytoplasmic reagent, respectively. Blots
obtained after transfer were incubated with speciﬁc antibodies
for phosphorylated glycogen synthase kinase 3b (p-GSK3b),
GSK3b, b-catenin (1:500, Afﬁnity Biosciences, USA), human FUT4
(1:1000, Proteintech, USA), mouse FUT4 (1:1000, Abgent, USA),
SP5 (1:500, Abcam, USA) and b-actin (1:5000, Proteintech, USA).
2.8. Immunoﬂuorescence staining
Cells were grown on the cover-slips and ﬁxed in 4%
paraformaldehyde for 20 min. After blocking with 1% goat serum
(Beyotime, China) for 2 h, cells were incubated with rabbit anti-
FUT4 antibody (1:200) at 4 C overnight. The following day, slides
were washed with PBS and incubated with ﬂuorescein isothiocya-
nate (FITC)-conjugated goat anti-rabbit IgG (1:200, Sigma, USA) for
30 min. Then slides were incubated with 2-(4-amidinophenyl)-6-
indolecarbamidine (DAPI; Beyotime, China) for 10 min. After rins-
ing, slides were mounted in anti-fade solution (Beyotime, China)
and subsequently monitored under an Olympus BX51
immunoﬂuorescence microscope (Osaka, Japan).
2.9. Cell adhesion assay
RL95-2 cells of different treatments were grown on 96-well
plates to form a conﬂuent monolayer. All groups were replicated
3 times. Embryonic JAR cells were stained with Cell Tracker™
Green CMFDA (Life Technologies, USA) about 1 h before adhesion
assay. After trypsinization, JAR cells (104) were gently seeded onto
RL95-2 cell monolayer and cultured with JAR cells medium. After
1 h, unattached embryonic cells were removed by washing with
PBS. An equal amount of pre-stained JAR cells (104) were added
into 3 blank holes. After detected by multimode plate reader
(PerkinElmer, USA), adhesion rate was calculated as percentage
of attached JAR cells (e/b). e, average ﬂuorescence intensity value
in each experimental group; b, average ﬂuorescence intensity
value in the blank holes. Cell pictures were taken under a ﬂuores-
cent phase microscope (Olympus, Japan).2.10. Immunohistochemistry
Uterus serial histological sections (4 lm thick) were deparaf-
ﬁnized in xylene, and rehydrated in descending concentrations of
ethanol, followed by antigen retrieval and cooling to room tem-
perature. The following experiments were performed using
Histostain-Plus Kits (ZSGB-BIO, China), and chromogenic reaction
was performed with diaminobenzidine (ZSGB-BIO, China) accord-
ing to the manufacturer’s protocol. The primary antibodies used
in this assay were rabbit monoclonal anti-FUT4 and anti-SP5
antibodies both at a 1:100 dilution. After counterstained and
mounted, the images were captured by Olympus microscope
(Osaka, Japan).
2.11. Statistical analysis
All data were expressed as means ± standard deviation (S.D.).
Differences between groups were analyzed by one-way analysis
of variance using the SPSS statistical software 13.0. In all tests,
⁄P 6 0.05 was considered as statistical signiﬁcant. Each experiment
was repeated independently at least three times.
3. Results
3.1. Baicalin upregulates the expression of FUT4 in human endometrial
cells
To assess the effect of baicalin on the expression of FUT4 in
endometrial cells, RL95-2 cells were treated with different concen-
trations of baicalin (3 lg/ml and 6 lg/ml). RT-PCR and Western
blot demonstrated that baicalin at a concentration about 3 lg/ml
(P < 0.05) and 6 lg/ml (P < 0.01) could signiﬁcantly enhance FUT4
mRNA and protein expression levels compared with the control
and DMSO groups (Fig. 1B–E). Simultaneously, our immunoﬂuores-
cent staining assay showed the same observations as above
(Fig. 1F). These results indicate that baicalin promotes FUT4
expression in human endometrial cells.
3.2. Baicalin activates Wnt/b-catenin/SP5 signaling pathway
We have studied that short time fed of baicalin activates Wnt/b-
catenin signaling pathway in vitro, which is crucial during the pro-
cess of embryo development and implantation [19,34]. We have
examined the levels of key molecules involved in Wnt signaling
pathway, including p-GSK3b, GSK3b, b-catenin and SP5 in different
treated groups by Western blot analysis. Baicalin (6 lg/ml) could
obviously increase the expression of p-GSK3b, b-catenin (nuclear
and cytoplast) and SP5 (P < 0.001) compared to the control
(Fig. 2A, lane 3, B). However, DKK1 (100 ng/ml), an inhibitor of
Wnt signaling pathway, dramatically decreased the expression of
p-GSK3b, b-catenin (nuclear and cytoplast) and SP5 (P < 0.001) in
comparison with the control (Fig. 2A, lane 4, B). In b-catenin
siRNA group, the expression level of b-catenin (nuclear) was sig-
niﬁcantly reduced (P < 0.001), and the expression levels of b-cate-
nin (cytoplast) and SP5 were lower than that in the control and
vector groups, respectively (Fig. 2A, lane 7, B). We also found that
baicalin combined with DKK1 could restore the expression of all
the molecules mentioned above (Fig. 2A, lane 5), and in the same
way, baicalin combined with b-catenin siRNA could also restore
totally all the molecules except GSK3b (Fig. 2A, lane 8). Note that
there was no signiﬁcant difference in GSK3b expression among
all the groups. These results suggest a role for baicalin in the
activation of Wnt/b-catenin/SP5 signaling pathway in endometrial
RL95-2 cells.
Fig. 1. Baicalin upregulates FUT4 expression in human uterine endometrial RL95-2 cells. (A) Molecular structure of baicalin. (B and D) FUT4 mRNA and protein expression in
RL95-2 cells were analyzed using RT-PCR and Western blot. b-Actin was used as loading control. (C and E) Relative densitometric analysis of FUT4 vs b-actin both in gene and
protein levels. ⁄P < 0.05; ⁄⁄P < 0.01. (F) Immunoﬂuorescence staining analysis of FUT4 expression and localization in RL95-2 cells (FITC, green; DAPI-counterstained nuclei,
blue; magniﬁcation, 400; bar = 20 lm).
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Fig. 2. Baicalin mediates FUT4 expression through Wnt/b-catenin/SP5 signaling pathway. (A) Wnt/b-catenin signaling pathway molecules, including p-GSK3b, GSK3b, b-
catenin and SP5 were detected by Western blot. (B) Relative densitometric analysis of each protein vs b-actin. ⁄P < 0.05; ⁄⁄P < 0.01; ⁄⁄⁄P < 0.001. (C and E) RT-PCR and Western
blot analysis of FUT4 expression in different groups of transfected cells (Sh-SP5, SP1 cDNA or co-transfection). b-Actin was used as internal control. (D and F) Relative
densitometric analysis of FUT4 vs b-actin. ⁄⁄P < 0.01; ⁄⁄⁄P < 0.001.
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To determine how SP5 induced the expression of FUT4, we ana-
lyzed FUT4 expression levels in different treated groups of RL95-2
cells. RT-PCR and Western blot assays showed a decreased expres-
sion of FUT4 both at mRNA and protein levels in sh-SP5, SP1 cDNA
and the co-transfected groups compared to the control groups
(Fig. 2C–F).
3.4. Baicalin enhances embryonic JAR cells adhesion to endometrial
RL95-2 cells
The embryo adhesion rate among diverse treated groups was
assayed in vitro with the co-culture of RL95-2 and JAR cells in
implantation model. The results showed that the adhesion rate in
the different groups treated with baicalin 3 lg/ml (Fig. 3A, c) and
6 lg/ml (Fig. 3A, d) was largely enhanced compared to the control
and DMSO groups. Note that there was no statistical signiﬁcance
among the control (Fig. 3A, a), DMSO (Fig. 3A, b), sh-control
(Fig. 3A, e) and mock groups (Fig. 3A, h). While the adhesion rate
in sh-SP5 (Fig. 3A, f) or SP1 cDNA (Fig. 3A, i) groups was signiﬁ-
cantly decreased in comparison with the control groups; in baica-
lin combined with sh-SP5 (Fig. 3A, g) or SP1 cDNA (Fig. 3A, j)
groups, the adhesion rate was largely restored, but still lower than
that in baicalin groups. In addition, baicalin could considerably
increase the adhesion rate in the co-transfected group (Fig. 3Ak,
Al). Further, we demonstrated that baicalin signiﬁcantly reversed
the low embryo adhesion rate induced by FUT4 siRNA (P < 0.001)
(Fig. 3C and D). The above results indicate that baicalin enhances
the adhesion competence of endometrial cells to embryonic cells
via Wnt/b-catenin/SP5 mediated FUT4 upregulation.3.5. Baicalin upregulates SP5 and FUT4 expression in mouse uterine
endometrium during implantation window
The expression of SP5 and FUT4 were further analyzed in mouse
uterine endometrium at GD 4 in the different groups. By using RT-
PCR and Western blot assays, we found that expression of SP5 and
FUT4 increased relatively both at the mRNA and protein levels in
baicalin (P < 0.05) and SBD groups compared to the control and
NS groups. Corroboratively, our immunohistochemistry assay
showed a strong staining of SP5 and FUT4 in the treated groups
compared to the control group. It was noteworthy that we
observed a higher staining intensity in baicalin group than in
SBD group (Fig. 4E). These ﬁndings suggest that baicalin potentially
upregulates SP5 and FUT4 expression in mouse uterine endome-
trium during the period of implantation window.
3.6. Baicalin facilitates embryo implantation in vivo
Using the mouse model, we calculated the embryo implantation
number in different groups at GD 8. The results showed that
implantated embryo in baicalin (P < 0.01) and SBD (P < 0.05)
groups were highly increased compared to the control and NS
groups (Fig. 5A and B).
4. Discussion
Adhesion is the foundation of successful embryo implantation.
During mammalian reproductive processes, embryonic cells ﬁrstly
adhere and followed by implant into the uterine endometrium for
the consequent complex developmental events [35]. During
embryo adhesion, adhesion-promoting factors play major roles in
Fig. 3. Baicalin mediates JAR cells adhesion to RL95-2 cells in vitro. (A) RL95-2 cells were pre-incubated with a: control; b: 0.1% DMSO; c: baicalin (3 lg/ml); d: baicalin (6 lg/
ml); e: sh-control; f: sh-SP5; g: baicalin (6 lg/ml) combined with sh-SP5; h: mock; i: SP1-cDNA; j: baicalin (6 lg/ml) combined with SP1-cDNA; k: sh-SP5 combined with
SP1-cDNA; l: baicalin (6 lg/ml) combined with the co-transfection (CMFDA-counterstained JAR cells, green; magniﬁcation, 100; bar = 100 lm). (B) Adhesion rate was
calculated as percentage of attached JAR cells. ⁄P < 0.05; ⁄⁄P < 0.01. (C) Adhesion of JAR cells to RL95-2 cells pre-incubated with a: control; b: si-FUT4; c: baicalin (6 lg/ml)
combined with si-FUT4 (magniﬁcation, 100; bar = 100 lm). (D) Adhesion rate of control, si-FUT4 and baicalin (6 lg/ml) combined with si-FUT4 groups. ⁄⁄⁄P < 0.001.
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that barriers between embryo and endometrium will lead to an
abortion or female infertility. Hence, increasing embryo adhesion
rate is critical in mammalian reproduction improvement.
Previous studies have shown that progesterone and leukocyte
inhibiting factor (LIF) play an important role in the process of
embryo and endometrium adhesion by regulating the expression
level of adhesive molecule Jam2 [38]. In this study, in vitro implan-
tation model emphasized that baicalin could signiﬁcantly improve
the adhesion rate between embryonic JAR cells and endometrial
RL95-2 cells (Fig. 3Aa–d). Ma et al. demonstrated that baicalin
could protect the mice from abortion through elevating the secre-
tion of interleukin 10 (IL-10) in the uterine endometrium [39]. In
our in vivo experiments, we demonstrated that baicalin signiﬁ-
cantly increased the number of implanted embryos (Fig. 5).
Moreover, treatment with baicalin improves mammalian repro-
ductive processes via promoting embryo adhesion. This is the ﬁrst
study reporting the facilitating role played by baicalin in the repro-
duction mechanism through its adhesive function. Based on its
adhesion-promoting effect, baicalin might be used as a potential
drug for infertility treatment. Baicalin improves the low rate of
embryo implantation during in vitro fertilization and embryo
transfer (IVF-ET), with a successful elevated pregnancy rate [40].
It can be used in combination with hormone therapies, such as pro-
gesterone and human chorionic gonadotropin (hCG), which pro-
mote embryo adhesion and decrease the side effects of hormone
treatments in infertile patients [41–43] (see Fig. 6).
Glycosylation is intimately correlated with mammalian repro-
ductive functions [21,44]. The speciﬁc changes of glycosylation inthe surface of uterine endometrium are necessary for the initiation
of embryo implantation [45,46]. It has been reported that baicalin
plays a signiﬁcant role in the process of aging and anti-ﬁbrosis by
regulating protein phosphorylation, acetylation and methylation
[47,48]. However, the glycosylation regulation of baicalin in the
process of female reproduction remains unknown. Our previous
studies indicated that glycosylation modiﬁcations caused by the
upregulation of the speciﬁc FUTs and oligosaccharides antigen,
lead to the signiﬁcant promotion of embryo adhesion and implan-
tation [49,50]. FUT4, the key enzyme for the synthesis of implanta-
tion related LeY oligosaccharide, is signiﬁcantly expressed in high-
receptive endometrial cells (RL95-2) compared to low-receptive
endometrial cells (HEC-1A). Overexpression of FUT4 in HEC-1A
cells could prominently improve its adhesion capacity with embry-
onic cells [33]. Ponnampalam et al. revealed that progesterone pro-
moted human endometrial FUT4 mRNA and protein expression
[32]. Here we demonstrated that baicalin treatment notably ele-
vated FUT4 mRNA and protein expression in human endometrial
cells by RT-PCR, Western blot and immunoﬂuorescence staining
(Fig. 1). In accordance to our in vivo experiments, we also found
that baicalin increased FUT4 mRNA and protein expression in
mouse uterine endometrium during implantation window
(Fig. 4). Currently, our researches reported for the ﬁrst time that
baicalin adjusts the gestation process of mammals’ through speci-
ﬁc regulation of glycosylation highlighting the roles of traditional
Chinese medicine S. baicalensis in reproductive glycobiology.
Wnt/b-catenin pathway plays a key role in a wide variety of cel-
lular differentiation and developmental processes, such as
endometrial differentiation and embryo development [19].
Fig. 4. Baicalin and SBD potentially regulate SP5 and FUT4 expression levels in mouse uterine endometrium at GD 4. (A and C) RT-PCR and Western blot analysis of SP5 and
FUT4 expression in mouse endometrium. b-Actin was used as internal control. (B and D) Relative densitometric analysis of SP5 and FUT4 vs b-actin in mouse endometrium.
⁄P < 0.05; ⁄⁄P < 0.01. (E) Immunohistochemistry staining analysis of SP5 and FUT4 expression in mouse endometrial tissue. le indicates luminal epithelium; ge, glandular
epithelium; s, stroma. (magniﬁcation, 200; bar = 50 lm).
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embryo adherence onto the uterine endometrium, which also
represents the differentiation of endometrium. Wnt/b-catenin
pathway can be activated by different ways. Wnt ligands are cap-
able to transduce extracellular signals into the cells by binding to
their receptors frizzled (Fzd) protein and co-receptors lipoprotein
receptor-related protein 5/6 (Lrp5/6) on cell membrane [51].
DKK1, an inhibitor of Wnt receptor, binds directly to Lrp5/6 and
inhibits downstreamWnt pathway activation [52]. Guo et al. found
that baicalin promoted differentiation of mouse osteoblasts cells
similarly to Wnt3a [34]. We conﬁrmed that baicalin signiﬁcantly
reversed the expression of p-GSK3b, b-catenin and SP5 in endome-
trial RL95-2 cells pretreated with DKK1 for 1 h, which indicated arecovery of the Wnt/b-catenin signaling activity (Fig. 2A and B).
The ﬁndings of our study emphasize a role for baicalin acting as
a ligand to activate Wnt/b-catenin signaling pathway in endome-
trial cells.
Previous researches have reported that SP5 transcription factor,
a downstream target gene of Wnt/b-catenin signaling pathway,
exerts momentous role in vertebrate embryonic development
[53,54]. SP5 inactivation might result in developmental defects in
mice mesoderm [55]. Our research reported that baicalin signiﬁ-
cantly increased the expression level of SP5 with activation of
Wnt/b-catenin signaling pathway in vitro (Fig. 2A). From our pre-
vious bioinformatics predictions, we found that SP5 could bind to
FUT4 DNA promoter region. Moreover, we have discovered that
Fig. 5. Baicalin facilitates embryo implantation in vivo. (A) Implanted embryos in different treated groups. (B) Analysis of implanted embryo is represented in the histogram.
⁄P < 0.05; ⁄⁄P < 0.01.
Fig. 6. Schematic diagram illustrates the mechanism underlying baicalin mediated
FUT4 upregulation by activation of Wnt/b-catenin signaling pathway via transcrip-
tion factors (SP5 and SP1).
1232 Y.-M. Zhang et al. / FEBS Letters 589 (2015) 1225–1233baicalin stimulated FUT4 mRNA and protein expression both
in vitro and in vivo. Other studies reported that SP1, a transcription
factor of SP1 family as well as SP5, downregulated the expression
of FUT4 via binding to FUT4 promoter region [56,57]. Hence, in
order to determine the mechanism through which SP5 regulates
the expression of FUT4, we transfect RL95-2 cells with sh-SP5,
SP1 cDNA and their combination. The results demonstrated that
all three groups could signiﬁcantly downregulate FUT4 mRNA
and protein expression (Fig. 2C–F). According to our above ﬁnd-
ings, we conclude that baicalin increases SP5 expression level via
activating Wnt/b-catenin signaling pathway, and further promotes
embryo adhesion and implantation derived from the boosted FUT4.
In conclusion, this study have identiﬁed a novel role of baicalin
which upregulates FUT4 both in human endometrial cells and
mouse endometrium during the period of implantation via Wnt/
b-catenin pathway. We believe that the ﬁndings of this research
could help the development of diagnosis and peculiar therapeutics
for female infertility. Nevertheless, since there are complex reg-
ulatory network during pregnancy, further researches need to be
carried out in order to reveal the glycobiological mechanisms of
baicalin in reproduction.
Conﬂict of interest
The authors declare no competing ﬁnancial interest.Acknowledgements
We thank Bachir Niang and Faisal Aziz for critical reading of the
manuscript. This work was supported by the National Natural
Science Foundation of China (No. 31070729, 31270866,
31200606 and 81202786).
References
[1] Coughlan, C., Ledger, W., Wang, Q., Liu, F., Demirol, A., Gurgan, T., Cutting, R.,
Ong, K., Sallam, H. and Li, T.C. (2014) Recurrent implantation failure: deﬁnition
and management. Reprod. Biomed. Online 28, 14–38.
[2] Cha, J. and Dey, S.K. (2014) Cadence of procreation: orchestrating embryo–
uterine interactions. Semin. Cell Dev. Biol. pii. pii. S1084-9521(14)00141-4.
[3] Damjanov, I. (2014) Decidua and implantation of the embryo from a historical
perspective. Int. J. Dev. Biol. 58, 75–78.
[4] Zhang, S., Lin, H., Kong, S., Wang, S., Wang, H., Wang, H. and Armant, D.R.
(2013) Physiological and molecular determinants of embryo implantation.
Mol. Aspects Med. 34, 939–980.
[5] Zhang, S., Kong, S., Lu, J., Wang, Q., Chen, Y., Wang, W., Wang, B. and Wang, H.
(2013) Deciphering the molecular basis of uterine receptivity. Mol. Reprod.
Dev. 80, 8–21.
[6] Cavagna, M. and Mantese, J.C. (2003) Biomarkers of endometrial receptivity—a
review. Placenta 24, S39–S47.
[7] Bruchim, I., Sarfstein, R. and Werner, H. (2014) The IGF hormonal network
in endometrial cancer: functions, regulation, and targeting approaches. Front.
Endocrinol. 5, 76.
[8] Wetendorf, M. and DeMayo, F.J. (2012) The progesterone receptor regulates
implantation, decidualization, and glandular development via a complex
paracrine signaling network. Mol. Cell. Endocrinol. 357, 108–118.
[9] Diedrich, K., Fauser, B.C., Devroey, P. and Griesinger, G. (2007) The role of the
endometrium and embryo in human implantation. Hum. Reprod. Update 13,
365–377.
[10] Revel, A. (2012) Defective endometrial receptivity. Fertil. Steril. 97, 1028–
1032.
[11] Ruiz-Alonso, M., Blesa, D., Diaz-Gimeno, P., Gomez, E., Fernandez-Sanchez, M.,
Carranza, F., Carrera, J., Vilella, F., Pellicer, A. and Simón, C. (2013) The
endometrial receptivity array for diagnosis and personalized embryo transfer
as a treatment for patients with repeated implantation failure. Fertil. Steril.
100, 818–824.
[12] Li-Weber, M. (2009) New therapeutic aspects of ﬂavones: the anticancer
properties of Scutellaria and its main active constituents wogonin, baicalein
and baicalin. Cancer Treat. Rev. 35, 57–68.
[13] Li, C., Lin, G. and Zuo, Z. (2011) Pharmacological effects and pharmacokinetics
properties of Radix Scutellariae and its bioactive ﬂavones. Biopharm. Drug
Dispos. 32, 427–445.
[14] Tian, X.Y., Cheung, L.M., Leung, K., Qi, C., Deng, B., Deng, P.X. and Xu, M. (2009)
The effects of Scutellaria baicalensis extract on embryonic development in
mice. Birth Defects Res. B. Dev. Reprod. Toxicol. 86, 79–84.
[15] Zhong, X.H., Shi, W.Y., Ma, A.T., Gong, X.C., Zhai, X.H., Zhang, T. and Wang, X.D.
(2008) Effects of Radix scutellariae and Rhizoma atractylodis on LPS-induced
abortion and the uterine IL-10 contents in mice. Am. J. Chin. Med. 36, 141–
148.
[16] Martin, J. and Dusek, J. (2002) The Baikal scullcap (Scutellaria baicalensis
Georgi)–a potential source of new drugs. Ceska Slov. Farm. 51, 277–283.
[17] Fritz, R., Jain, C. and Armant, D.R. (2014) Cell signaling in trophoblast-
uterine communication. Int. J. Dev. Biol. 58, 261–271.
[18] Koos, R.D., Kazi, A.A., Roberson, M.S. and Jones, J.M. (2005) New insight into
the transcriptional regulation of vascular endothelial growth factor expression
Y.-M. Zhang et al. / FEBS Letters 589 (2015) 1225–1233 1233in the endometrium by estrogen and relaxin. Ann. N. Y. Acad. Sci. 1041, 233–
247.
[19] Sonderegger, S., Pollheimer, J. and Knoﬂer, M. (2010) Wnt signalling in
implantation, decidualisation and placental differentiation—review. Placenta
31, 839–847.
[20] Van der Horst, P.H., Wang, Y., van der Zee, M., Burger, C.W. and Blok, L.J. (2012)
Interaction between sex hormones and WNT/beta-catenin signal transduction
in endometrial physiology and disease. Mol. Cell. Endocrinol. 358,
176–184.
[21] Ruhaak, L.R., Uh, H.W., Deelder, A.M., Dolhain, R.E. and Wuhrer, M. (2014)
Total plasma N-glycome changes during pregnancy. J. Proteome Res. 13,
1657–1668.
[22] Wang, Z.Q., Bachvarova, M., Morin, C., Plante, M., Gregoire, J., Renaud, M.C.,
Sebastianelli, A. and Bachvarov, D. (2014) Role of the polypeptide N-
acetylgalactosaminyltransferase 3 in ovarian cancer progression: possible
implications in abnormal mucin O-glycosylation. Oncotarget 5, 544–560.
[23] Goulabchand, R., Vincent, T., Batteux, F., Eliaou, J.F. and Guilpain, P. (2014)
Impact of autoantibody glycosylation in autoimmune diseases. Autoimmun.
Rev. 13, 742–750.
[24] Ma, B., Simala-Grant, J.L. and Taylor, D.E. (2006) Fucosylation in prokaryotes
and eukaryotes. Glycobiology 16, 158R–184R.
[25] Vries, T., Knegtel, R.M., Holmes, E.H. and Macher, B.A. (2001)
Fucosyltransferases: structure/function studies. Glycobiology 11, 119R–128R.
[26] Natsuka, S. (1995) Fucosyltransferases serving in biosynthesis of selectin
ligands. Seikagaku 67, 368–372.
[27] Liu, F., Qi, H.L. and Chen, H.L. (2001) Regulation of differentiation- and
proliferation-inducers on Lewis antigens, a-fucosyltransferase and metastatic
potential in hepatocarcinoma cells. Br. J. Cancer 84, 1556–1563.
[28] Cailleau-Thomas, A., Coullin, P., Candelier, J.J., Balanzino, L., Mennesson, B. and
Oriol, R. (2000) FUT4 and FUT9 genes are expressed early in human
embryogenesis. Glycobiology 10, 789–802.
[29] Aplin, J.D. and Jones, C.J. (2012) Fucose, placental evolution and the glycocode.
Glycobiology 22, 470–478.
[30] Zhu, Z.M., Fenderson, B. and Liu, Y.H. (1995) A study on the characteristics of
fucosylated carbohydrate antigens expressed on mouse endometrium. J.
Reprod. Med. 4, 44–48.
[31] Wang, X.Q., Zhu, Z.M., Fenderson, B.A., Zeng, G.Q., Cao, Y.J. and Jiang, G.J.
(1998) Effects of monoclonal antibody directed to LeY on implantation in the
mouse. Mol. Hum. Reprod. 4, 295–300.
[32] Ponnampalam, A.P. and Rogers, P.A. (2008) Expression and regulation of
fucosyltransferase 4 in human endometrium. Reproduction 136, 117–123.
[33] Liu, S., Yang, X., Wang, J., Wei, J., Zhang, D., Wang, X. and Yan, Q. (2012)
Differential expression of LeY and fucosyltransferase IV correlates with the
receptivity of RL95-2 and HEC-1A human uterine epithelial cells. Cell Biol. Int.
36, 469–474.
[34] Guo, A.J., Choi, R.C., Cheung, A.W., Chen, V.P., Xu, S.L., Dong, T.T., Chen, J.J. and
Tsim, K.W. (2011) Baicalin, a ﬂavone, induces the differentiation of cultured
osteoblasts: an action via the Wnt/beta-catenin signaling pathway. J. Biol.
Chem. 286, 27882–27893.
[35] Guzeloglu-Kayisli, O., Basar, M. and Arici, A. (2007) Basic aspects
of implantation. Reprod. Biomed. Online 15, 728–739.
[36] Singh, H. and Aplin, J.D. (2009) Adhesion molecules in endometrial
epithelium: tissue integrity and embryo implantation. J. Anat. 215, 3–13.
[37] Thiery, J.P. (2003) Cell adhesion in development: a complex signaling network.
Curr. Opin. Genet. Dev. 13, 365–371.
[38] Su, R.W., Jia, B., Ni, H., Lei, W., Yue, S.L., Feng, X.H., Deng, W.B., Liu, J.L., Zhao,
Z.A., Wang, T.S. and Yang, Z.M. (2012) Junctional adhesion molecule 2
mediates the interaction between hatched blastocyst and luminal
epithelium: induction by progesterone and LIF. PLoS ONE 7, e34325.
[39] Ma, A.T., Zhong, X.H., Liu, Z.M., Shi, W.Y., Du, J., Zhai, X.H., Zhang, T. and Meng,
L.G. (2009) Protective effects of baicalin against bromocriptine induced
abortion in mice. Am. J. Chin. Med. 37, 85–95.[40] Fatemi, H.M. and Popovic-Todorovic, B. (2013) Implantation in assisted
reproduction: a look at endometrial receptivity. Reprod. Biomed. Online 27,
530–538.
[41] Tomao, F., Lo Russo, G., Spinelli, G.P., Stati, V., Prete, A.A., Prinzi, N., Sinjari, M.,
Vici, P., Papa, A., Chiotti, M.S., Benedetti Panici, P. and Tomao, S. (2014)
Fertility drugs, reproductive strategies and ovarian cancer risk. J. Ovarian Res.
7, 51.
[42] Lo Russo, G., Spinelli, G.P., Tomao, S., Rossi, B., Frati, L., Panici, P.B., Vici, P.,
Codacci Pisanelli, G. and Tomao, F. (2013) Breast
cancer risk after exposure to fertility drugs. Expert Rev. Anticancer Ther. 13,
149–157.
[43] Chen, J., Li, Z., Chen, A.Y., Ye, X., Luo, H., Rankin, G.O. and Chen, Y.C. (2013)
Inhibitory effect of baicalin and baicalein on ovarian cancer cells. Int. J. Mol.
Sci. 14, 6012–6025.
[44] Bondt, A., Rombouts, Y., Selman, M.H., Hensbergen, P.J., Reiding, K.R., Hazes,
J.M., Dolhain, R.J. and Wuhrer, M. (2014) IgG Fab glycosylation analysis using a
new mass spectrometric high-throughput proﬁling method reveals pregnancy-
associated changes. Mol. Cell Proteomics 2, 1–2. pii, mcp.M114.039537.
[45] Carson, D.D. (2002) The glycobiology of implantation. Front. Biosci. 17, 1535–
1544.
[46] Zhu, Z.M., Kojima, N., Stroud, M.R., Hakomori, S. and Fenderson, B.A. (1995)
Monoclonal antibody directed to LeY oligosaccharide inhibits implantation in
the mouse. Biol. Reprod. 52, 903–912.
[47] Kim, D.H., Kim, J.M., Lee, E.K., Choi, Y.J., Kim, C.H., Choi, J.S., Kim, N.D., Yu, B.P.
and Chung, H.Y. (2012) Modulation of FoxO1 phosphorylation/acetylation by
baicalin during aging. J. Nutr. Biochem. 23, 1277–1284.
[48] Yang, M.D., Chiang, Y.M., Higashiyama, R., Asahina, K., Mann, D.A., Mann, J.,
Wang, C.C. and Tsukamoto, H. (2012) Rosmarinic acid
and baicalin epigenetically derepress peroxisomal proliferator-activated
receptor c in hepatic stellate cells for their antiﬁbrotic effect. Hepatology
55, 1271–1281.
[49] Zhang, Y., Liu, S., Liu, Y., Wang, Z., Wang, X. and Yan, Q. (2009)
Overexpression of
fucosyltransferase VII (FUT7) promotes embryo adhesion and implantation.
Fertil. Steril. 91, 908–914.
[50] Zhang, D., Wei, J., Wang, J., Liu, S., Wang, X. and Yan, Q. (2011) Difucosylated
oligosaccharide Lewis Y is contained within integrin avb3 on RL95-2 cells and
required for endometrial receptivity. Fertil. Steril. 95, 1446–1451.
[51] Mohamed, O.A., Dufort, D. and Clarke, H.J. (2004) Expression and
estradiol regulation of Wnt genes in the mouse blastocyst identify a
candidate pathway forembryo-maternal signaling at implantation. Biol.
Reprod. 71, 417–424.
[52] Logan, C.Y. and Nusse, R. (2004) The Wnt signaling pathway in development
and disease. Annu. Rev. Cell Dev. Biol. 20, 781–810.
[53] Weidinger, G., Thorpe, C.J., Wuennenberg-Stapleton, K., Ngai, J. and Moon, R.T.
(2005) The Sp1-related transcription factors sp5 and sp5-like act downstream
of Wnt/beta-catenin signaling in mesoderm and neuroectoderm patterning.
Curr. Biol. 15, 489–500.
[54] Treichel, D., Becker, M.B. and Gruss, P. (2001) The novel transcription factor
gene Sp5 exhibits a dynamic and highly restricted expression pattern during
mouse embryogenesis. Mech. Dev. 101, 175–179.
[55] Harrison, S.M., Houzelstein, D., Dunwoodie, S.L. and Beddington, R.S. (2000)
Sp5, a new member of the Sp1 family, is dynamically expressed during
development and genetically interacts with Brachyury. Dev. Biol. 227, 358–
372.
[56] Chen, Y., Guo, Y., Ge, X., Itoh, H., Watanabe, A., Fujiwara, T., Kodama, T. and
Aburatani, H. (2006) Elevated expression and potential roles of human Sp5, a
member of Sp transcription factor family, in human cancers. Biochem.
Biophys. Res. Commun. 340, 758–766.
[57] Yang, X., Wang, J., Liu, S. and Yan, Q. (2014) HSF1 and Sp1 regulate FUT4 gene
expression and cell proliferation in breast cancer cells. J. Cell. Biochem. 115,
168–178.
